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Visual  ﬁeld  deﬁcits
Summary  The  optic  radiation  is  a  key  white  matter  structure  at  risk  during  epilepsy  surgery
involving  the  temporal,  parietal  or  occipital  lobes.  It  shows  considerable  anatomical  variability,
cannot be  delineated  on  clinical  MRI  sequences  and  damage  may  cause  a  disabling  visual  ﬁeld
deﬁcit. Diffusion  tensor  imaging  tractography  allows  non-invasive  mapping  of  this  pathway.
Numerous  methods  have  been  published  but  direct  comparison  is  difﬁcult  as  patient,  acquisition
and analysis  parameters  differ.
Two  methods  for  delineating  the  optic  radiation  were  applied  to  6  healthy  controls  and  4
patients with  epileptogenic  lesions  near  the  optic  radiation.  By  comparing  methods  with  the
same datasets,  many  of  the  parameters  could  be  controlled.  The  ﬁrst  method  was  previously
developed  to  accurately  identify  Meyer’s  loop  for  planning  anterior  temporal  lobe  resection.
The second  aimed  to  address  limitations  of  this  method  by  using  a  more  automated  technique
d  to  depict  the  entire  optic  radiation.to reduce  operator  time  an
Whilst  the  core  of  the  tract  was  common  to  both  methods,  there  was  signiﬁcant  variability
between  the  methods.  Method  1  gave  a  more  consistent  depiction  of  Meyer’s  loop  with  fewer
spurious tracts.  Method  2  gave  a  better  depiction  of  the  entire  optic  radiation,  particularly  in
more posterior  portions,  but  did  not  identify  Meyer’s  loop  in  one  patient.
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These  results  show  that  whilst  tractography  is  a  promising  technique,  there  is  signiﬁcant  variabil-
ity depending  on  the  method  chosen  even  when  the  majority  of  parameters  are  ﬁxed.  Different












































The scans were transferred to a Linux-based Sun Ultra workstation
in DICOM format and converted to a single multivolume Analyze
7.5 format ﬁle using locally written software. Images were viewedtion.
Crown Copyright © 2011 Pub    
Introduction
The  optic  radiation  is  a  key  white  matter  structure  convey-
ing  visual  information  from  the  lateral  geniculate  nucleus
(LGN)  to  the  primary  visual  cortex  in  the  occipital  lobe.
Fibres  from  the  inferior  retina,  representing  the  superior
visual  ﬁeld,  pass  anteriorly  from  the  LGN  into  the  temporal
lobe  looping  around  the  temporal  horn  of  the  lateral  ventri-
cle  (Meyer’s  loop)  before  passing  posteriorly  (Meyer,  1907).
Fibres  from  the  superior  retina,  representing  the  inferior
visual  ﬁeld,  pass  directly  posteriorly  through  the  parietal
lobe  to  the  occipital  lobe.  The  extensive  course  involving
temporal,  parietal  and  occipital  lobes  means  that  this  struc-
ture  is  at  risk  during  neurosurgery  with  damage  leading  to  a
visual  ﬁeld  deﬁcit.
In  the  30%  of  patients  with  focal  epilepsy  who  fail  to
respond  to  drug  therapy,  surgical  treatment  may  be  consid-
ered.  Anterior  temporal  lobe  resection,  the  most  common
operation,  is  highly  effective  (Wiebe  et  al.,  2001) but  dam-
age  to  Meyer’s  loop  can  cause  a  superior  quadrantanopia.
Between  48%  (Nilsson  et  al.,  2004) and  100%  (Barton  et  al.,
2005) of  patients  develop  a  visual  ﬁeld  deﬁcit  and  a  quarter
fail  to  meet  UK  criteria  for  driving  (Manji  and  Plant,  2000).
Epileptogenic  lesions  may  however  lie  at  any  point  along  the
course  of  the  optic  radiation.  Neurosurgery  can  thus  lead  to
a  variety  of  visual  ﬁeld  deﬁcits  and  the  potential  beneﬁts  of
the  neurosurgery  must  be  balanced  against  the  risk  to  vision.
Conventional  clinical  MRI  sequences  cannot  delineate
the  optic  radiation,  which  shows  considerable  anatomical
variability  (Ebeling  and  Reulen,  1988). Diffusion  tensor  imag-
ing  measures  the  directional  diffusion  of  water  in  tissues
(Basser,  1995) and  tractography  algorithms  can  be  applied
to  these  data  to  non-invasively  map  out  white  matter  path-
ways,  including  the  optic  radiation  (Mori  and  van  Zijl,  2002).
Tractography  is  a  complex  and  time-consuming  process  with
results  that  depend  upon  the  method  employed.  It  is  dif-
ﬁcult  to  directly  compare  published  methods  as  there  are
many  differences  in  the  patient  population,  scan  acquisition
(e.g.  scanner  manufacturer,  ﬁeld  strength,  voxel  size,  num-
ber  of  gradient  directions,  b-value)  and  analysis  parameters
(e.g.  software  product,  type  of  tractography  algorithm,  seed
region  and  waypoint  location,  stopping  criteria).
The  aim  of  the  present  study  was  to  compare  two  meth-
ods  for  delineating  the  optic  radiation  using  the  same
datasets  and  controlling  as  many  parameters  as  possible.
We  have  an  optimised  DTI  acquisition  sequence  used  in  lon-
gitudinal  studies  and  therefore  wished  to  compare  different
tractography  analysis  methods  to  determine  the  level  of
agreement  between  them  and  to  identify  the  method  that
more  reliably  identiﬁes  different  components  of  the  optic
radiation  for  use  in  different  types  of  epilepsy  surgery.The  ﬁrst  method  was  designed  for  planning  anterior
temporal  lobe  resections  and  pays  special  attention  to  accu-
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reviously  published  (Yogarajah  et  al.,  2009) and  reliability,
trengths  and  weaknesses  established.  Tractography  results
btained  correlate  with  effect  of  anterior  temporal  lobe
esection  on  visual  ﬁelds  and  the  method  is  reproducible.
owever,  it  is  time  consuming  for  the  operator  and  since
t  concentrates  on  Meyer’s  loop,  subjective  experience  sug-
ests  that  it  performs  less  well  with  more  posterior  parts
f  the  optic  radiation.  Thus  a  second  method  was  designed
o  semi-automatically  identify  the  location  of  the  LGN  thus
educing  operator  time  and  to  use  this  region  to  delineate
he  whole  of  the  optic  radiation.
ethods
ubjects
e studied 6 healthy controls (age 25—53 years, 4 males) and 4
atients with medically refractory epilepsy (age 18—42 years, 2
ales) undergoing pre-surgical evaluation at the National Hospi-
al for Neurology and Neurosurgery, London, UK. The study was
pproved by the National Hospital for Neurology and Neurosurgery
nd the Institute of Neurology Joint Ethics Committee, and informed
ritten consent was obtained from all subjects. Patient demograph-
cs and imaging diagnoses are listed in Table 1.
agnetic  resonance  data
RI studies were performed on a 3T GE Excite II scanner (Gen-
ral Electric, Waukesha, Milwaukee, WI, USA). Standard imaging
radients with a maximum strength of 40 mT m−1 and slew rate
50 T m−1 s−1 were used. All data were acquired using a body coil for
ransmission, and an eight channel phased array coil for reception.
TI data were acquired using a cardiac-triggered single-shot spin-
cho echo planar imaging (EPI) sequence (Wheeler-Kingshott et al.,
002) with TE = 73 ms.  Sets of 60 contiguous 2.4-mm thick axial slices
ere obtained, covering the whole brain, with diffusion sensitizing
radients applied in each of 52 non-collinear directions [b value
200 mm2 s−1, ı = 21 ms,  = 29 ms, using full gradient strength of
0 mT m−1)] along with six non-diffusion weighted scans. The gradi-
nt directions were calculated and ordered as described elsewhere
Cook et al., 2007). The ﬁeld of view was 24 cm with an acquisition
atrix of 96 × 96 giving isotropic 2.4 mm resolution. The matrix was
ero ﬁlled to 128 × 128 during reconstruction giving a reconstructed
oxel size of 1.875 mm × 1.875 mm × 2.4 mm.  The DTI acquisition
ime for a total of 3480 image slices was approximately 25 min
depending on subject heart rate).
TI  preprocessing
Open access under CC BY license.n a movie loop to ensure that no subjects with signiﬁcant move-
ent were included. Eddy current correction of the DTI data was
erformed using the eddycorrect tool in FSL v4.0.1 (Smith et al.,
004).
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Table  1  Demographic  information  and  imaging  diagnoses
of the  four  patients.
Number  Age  Gender  Imaging  diagnosis
1  28  F  Right  inferior  parietal  DNET

































































































p3 42  M  Left  occipital  DNET
4 18  F  Right  fusiform  gyrus  DNET
A multi-tensor model was ﬁtted to the eddy corrected diffu-
ion data using the Camino toolkit version 2 release 767 (Cook
t al., 2006). Voxels in which a single tensor ﬁtted the data poorly
ere identiﬁed using a spherical-harmonic voxel-classiﬁcation algo-
ithm (Alexander et al., 2002). In these voxels a two tensor model
as ﬁtted, with the principal diffusion directions of the two diffu-
ion tensors providing estimates of the orientations of the crossing
bres. In all other voxels, a single tensor model was ﬁtted.
ractography
ractography analysis was carried out using the Probabilistic Index
f Connectivity (PICo) algorithm (Parker et al., 2003) implemented
n Camino extended to deal with multiple ﬁbres (Cook et al., 2004;
arker and Alexander, 2003) and a total of 50,000 iterations to
educe variability. An angular threshold of 180 degrees and a frac-
ional anisotropy threshold of 0.1 were used in order to ensure
hat the paths detected would not erroneously enter areas of cere-
rospinal ﬂuid, and yet had sufﬁcient angular ﬂexibility to allow
racking of Meyer’s loop.
The seed region, waypoint, endpoint and exclusion masks were
he only factors differing between the methods and are described
elow. Connectivity distributions were generated from each voxel
n the seed region and combined into an overall connectivity map
epresenting the maximum observed connection probability to each
oxel within the brain from all the voxels within the seed region.
or display on fractional anisotropy maps, the connectivity map
as thresholded to include only voxels with a connection probabil-
ty greater than 5%, representing a compromise between retaining
natomically valid tracts, and removing obviously artefactual con-
ections.
ethod 1
ractional anisotropy and principal diffusion direction maps were
sed to identify the LGN by selecting the axial slice at the level
f the transition from the posterior limb of the internal capsule to
he cerebral peduncle. Voxels antero-lateral to the LGN across the
ase of Meyer’s loop, with principal eigenvectors orientated in an
ntero-medial to postero-lateral orientation, were identiﬁed and
sed to deﬁne a seed region in a coronal plane (Fig. 1a—c). Con-
iguous voxels, with principal directions in an anterior—posterior
irection, were also selected in order to cover the entire coro-
al cross-section of Meyer’s loop, using a standardised seed region
olume of 15 voxels (127 mm3).
In order to restrict the pathway to anatomically valid tracts, a
Dice Similarity Score = 2 ×
[numaypoint was deﬁned in the lateral wall of the occipital horn of
he lateral ventricle at the posterior extent of the corpus callosum
Fig. 1d). Two exclusion masks were applied. Firstly, a whole brain
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rtefactual connections to adjacent white matter tracts, such as
he fronto-occipital fasciculus, anterior commissure and uncinate
asciculus. An objective, iterative process was performed to deter-
ine the optimum location for this mask whereby the exclusion
ask was moved posteriorly until it began to coincide with Meyer’s
oop, identiﬁed by a visible thinning of the estimated trajectory of
he optic radiation, typically associated with a reduction in tract
olume greater than 10% (Yogarajah et al., 2009).
ethod 2
n automated method was used to identify the location of the LGN.
his method consisted of ﬁrst initiating tracts (with 5000 iterations)
eparately from two seed regions. For the ﬁrst seed region, the
ptic tract between the chiasm and the LGN was identiﬁed on an
xial slice. A coronal slice intersecting the optic tract was chosen on
hich 8 voxels were selected in the region of the optic tract (Fig. 2a
nd b). For the second seed region, the calcarine ﬁssure was iden-
iﬁed on a sagittal slice close to the midline. The most lateral slice
n which the calcarine ﬁssure was still visible was chosen on which
 large area was identiﬁed including voxels above and below the
alcarine ﬁssure (Fig. 2a and c). No endpoints were deﬁned on the
ractography initiated separately from these two seed regions. The
wo tracts obtained from these two seed regions were then thresh-
lded so that only connection probabilities higher than 0.2% were
elected in order to eliminate some artefactual tracts whilst retain-
ng fascicles reaching the LGN area posterolateral to the cerebral
eduncle. The product of these two connectivity distributions gives
 probability distribution for the location of the LGN with the maxi-
um voxel of the distribution representing the closest region to the
GN where both optic tract and optic radiation overlap.
A second step of the analysis involved selecting a rectangular
eed region comprising 12 voxels on each of two consecutive coro-
al slices including the area close to the LGN location identiﬁed
ith the automated method described and extending inferiorly from
his location, in regions of high fractional anisotropy (Fig. 2d—f).
he optic radiation was identiﬁed by seeding from this region using
he same endpoint located above and below the calcarine ﬁssure
escribed above (Fig. 2c). Exclusion masks were also applied to each
emisphere positioned at the posterior region of the trigone, in the
idline encompassing both the thalamus and corpus callosum and
n a coronal slice in the medial thalamus, to eliminate erroneous
racts (Fig. 2g—j).
olume  of  optic  radiation  and  degree  of  overlap
or each of the 20 hemispheres, the number of voxels in the tract
thresholded at 0.05) was calculated for the two methods individ-
ally, along with the number of voxels common to both methods.
he Dice Similarity Score quantiﬁed the degree of overlap giving a
gure between 0 (no overlap) to 1 (complete overlap):
numbers of voxels common to both methods
of voxels with method 1 + number of voxels with method 2]
easurements  of  Meyer’s  loop
he location of the temporal pole was identiﬁed in each hemisphere
sing the fractional anisotropy image (FA). The anterior extent of
eyer’s loop from the tractography was then located to calcu-
ate the antero-posterior distance between the temporal pole and
eyer’s loop (TP-ML distance) in voxels. These measurements were
erformed for each of the two methods. As the reproducibility of
ethod 2 for identiﬁcation of the TP-ML distance has not been pre-
iously assessed, the test—retest and inter-rater reliability of this
istance was assessed using the intraclass correlation coefﬁcient
SPSS Statistics 17.0).

















MFigure  1  Method  1.  Seed  region  in  Meyer’s  loop  near  the  LG
Meyer’s loop  (b).  Waypoint  in  the  lateral  wall  of  the  lateral  ven
Results
Visual  comparison
Visual  comparison  of  the  results  showed  that  the  core  of
the  delineated  tract  was  common  between  the  two  meth-
ods  both  in  healthy  controls  (Fig.  3)  and  patients  with
epilepsy  (Figs.  4  and  5).  Method  1,  which  was  designed  to
depict  Meyer’s  loop,  gave  a  much  clearer  visualisation  of  this
structure  and  the  observer  found  it  easier  to  perform  mea-
surements  using  this  method.  The  frontal  exclusion  mask
ensured  fewer  false  tracts  in  the  temporal  pole  and  towards
the  anterior  commissure  (Fig.  3),  which  were  commonly  seen
using  Method  2,  but  it  could  not  always  eliminate  the  spuri-
ous  tracts  present  in  the  insula  (Fig.  5).
Method  2  however  gave  a  better  depiction  of  the  optic
radiation  as  it  reached  the  visual  cortex,  with  the  paths  from
method  1  tending  to  thin  out  more  posteriorly.  In  addition,
method  2  tended  to  delineate  the  optic  radiation  more  supe-
riorly  than  method  1  which  is  important  when  considering
the  relationship  between  the  optic  radiation  and  lesions  such
as  the  inferior  parietal  DNET  in  Patient  1  (Fig.  4).  Finally,
method  2  failed  to  correctly  delineate  the  portion  of  the
M
f
ped)  in  the  axial  (a)  and  coronal  planes  (c),  with  a  close  up  of
 (blue)  identiﬁed  in  the  coronal  plane  (d).
ptic  radiation  anterior  to  the  large  cavernoma  in  patient  2
Fig.  5).
olume  of  optic  radiation  and  degree  of  overlap
n  controls,  the  average  volume  of  the  optic  radiation  was
he  same  using  both  methods  (Table  2).  However,  in  patients
here  was  a  trend  to  lower  tract  volumes  using  method  2
two-tailed  paired  t-test  p  =  0.07)  particularly  in  patient  2
psilateral  to  the  lesion  where  the  tractography  failed.
The  Dice  Similarity  Score  revealed  overlap  varied
etween  0.160  and  0.612  (mean  0.400,  standard  deviation
.132).  Overlap  was  lower  in  the  patients  with  epilepsy
han  in  healthy  controls  (0.318  vs  0.456,  two-tailed  t-test
 =  0.018).  There  was  no  signiﬁcant  change  when  the  false
racts  obtained  in  method  2  were  masked  out  using  the  same
rontal  exclusion  mask  as  in  method  1.
easurements  of  Meyer’s  loopethod  1  was  successful  in  all  subjects  whilst  method  2
ailed  to  identify  Meyer’s  loop  on  the  side  of  pathology  in
atient  2.  There  was  no  signiﬁcant  difference  between  the
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Figure  2  Method  2.  Seed  regions  in  the  optic  tract  (red)  in  the  axial  (a)  and  coronal  planes  (b).  Large  regions  of  interest  (ROIs)
including voxels  above  and  below  the  calcarine  ﬁssure  (red)  lateral  to  the  midline  in  the  axial  (a)  and  sagittal  planes  (c),  used  both
as seed  region  for  the  identiﬁcation  of  the  LGN  region  and  as  an  endpoint  for  the  ﬁnal  identiﬁcation  of  the  optic  radiation.  Seed
regions in  the  LGN  region  (pink)  in  axial  (d)  and  coronal  planes  (e,  and  f),  with  the  voxel  (green)  closest  to  the  LGN  where  the  optic
tract and  optic  radiation  overlap.  Exclusion  masks  (green)  in  the  midline  encompassing  both  the  thalamus  and  corpus  callosum  (h),
in the  thalamus  in  a  coronal  plane  (i),  at  the  level  of  the  trigone  (j)  and  all  three  shown  in  the  axial  plane  (g).
Figure  3  Optic  radiation  identiﬁed  by  Method  1  only  (blue),  Method  2  only  (red)  and  both  methods  (yellow)  in  a  control  subject,
overlaid on  the  T1-weighted  image.  The  images  are  shown  in  radiological  convention  with  axial  slices  from  inferior  to  superior  and
sagittal slices  from  left  to  right.








iFig.  4  Optic  radiation  identiﬁed  in  patient  1  by  Method  1  on
on the  T1-weighted  image.  The  arrows  indicate  the  right  inferio
mean  ML-TP  distance  in  either  controls  or  patients  (Table  2),
although  there  was  a  trend  towards  a  greater  distance  in
patients  (paired  t-test,  p  =  0.148).  For  method  2,  the  intra-
rater  intraclass  correlation  coefﬁcient  was  0.826  with  better
agreement  in  controls  than  patients  (0.898  vs  0.451).  The
measurements  were  identical  in  13  hemispheres  whilst  in
the  other  6  hemispheres,  there  was  up  to  3  voxels  difference
in  the  TP-ML  distance.  With  the  second  observer,  method  2
did  not  produce  an  anatomically  plausible  tract  in  a  single
control  hemisphere.  Excluding  this  outlier,  the  inter-rater
intraclass  correlation  coefﬁcient  was  0.560  (0.729  in  con-




rlue),  Method  2  only  (red)  and  both  methods  (yellow),  overlaid
rietal  DNET.  Image  conventions  as  Fig.  3.
emispheres  and  in  the  majority  of  the  remainder  the  dif-
erence  was  1  or  2  voxels.  However  there  was  a  difference
f  6  voxels  in  a  single  hemisphere  of  a  patient.
iscussion
ractography  is  a  powerful  technique  enabling  non-invasive
n  vivo  delineation  of  white  matter  tracts.  A  key  assumption
s  that  the  results  are  a  faithful  representation  of  the
nderlying  axonal  microstructure  and  thus  the  white  matter
racts  themselves.  It  is  not  usually  possible  to  compare  the
esults  to  the  gold  standard  of  post  mortem  dissection.
130  G.P.  Winston  et  al.







































mhe T1-weighted  image.  The  arrows  indicate  the  left  temporal
eing from  anterior  to  posterior.
s  tractography  results  are  of  great  utility  in  planning
eurosurgical  procedures  where  the  optic  radiation  lies
ear  the  lesion  (Romano  et  al.,  2009), it  is  important  to
ave  conﬁdence  in  the  results.
Tractography  is  subject  to  a  number  of  limitations  and
otential  errors.  Data  acquisition  using  echo-planar  imaging
ay  be  subject  to  errors  through  motion,  eddy  currents,
usceptibility  artefacts  and  noise.  The  voxel  size  is  sev-
ral  orders  of  magnitude  greater  than  the  underlying  axonal
tructure,  so  voxels  may  contain  multiple  ﬁbres  or  be  sub-
ect  to  partial  volume  effects.  Particular  problems  include
issing  or  crossing  ﬁbres  and  areas  of  high  curvature,
uch  as  Meyer’s  loop.  The  model  chosen  to  represent  the
nderlying  axonal  structure  and  the  tractography  algo-
ithm  both  make  assumptions,  such  as  the  presence  of  a
ingle  ﬁbre  population  in  each  voxel,  which  may  not  be
alid.
The  degree  to  which  these  potential  sources  of  error
ffect  the  results  depends  on  many  variables  chosen  during
he  process  making  it  difﬁcult  to  compare  the  differ-
nt  methods  of  published  studies.  By  controlling  as  many





Table  2  Mean  tract  volume  and  ML-TP  distance  in  the  different  
Similarity Scores  for  controls  and  patients  are  also  shown.
Controls  
Method  1  
Mean  tract  volume  (voxels)  1455  (220)  
ML-TP distance  in  voxels  and  15—18  (16.6)  
millimetres (mean) 28—34  (31)  
Dice Similarity  Score  (sd) 0.456  (0.114rnoma.  Image  conventions  as  Fig.  3,  with  the  coronal  images
arameters,  preprocessing  and  diffusion  model,  a  more
irect  comparison  between  two  tractography  methods  was
ossible.
Deterministic  methods  are  often  favoured  as  they  pro-
ide  visually  attractive  results,  with  only  limited  processing
equired.  Tractography  between  the  LGN  and  the  occipital
ortex  has  been  used  to  depict  the  optic  radiation  (Catani
t  al.,  2003), including  the  different  layers  (Yamamoto
t  al.,  2005). Critically  however  these  algorithms  underes-
imate  the  anterior  extent  of  Meyer’s  loop  and  this  is  not
mproved  by  increasing  the  number  of  gradient  directions
Yamamoto  et  al.,  2007). In  18  subjects,  the  TP-ML  dis-
ance  using  a  deterministic  technique  was  32—51  mm  (mean
1  mm)  compared  to  17—42  mm  (mean  30  mm)  using  a  prob-
bilistic  technique  (Nilsson  et  al.,  2010). The  latter  is  more
oncordant  with  dissectional  data  showing  a  TP-ML  distance
f  22—37  mm  (mean  27  mm)  (Ebeling  and  Reulen,  1988). A
ore  recent  study  suggesting  reconstruction  of  the  entire
uman  visual  pathway  conceded  that  Meyer’s  loop  was  only
ully  reconstructed  in  half  of  the  healthy  controls  (Hofer
t  al.,  2010). Despite  these  limitations,  such  algorithms  have
een  applied  during  neurosurgery  (Chen  et  al.,  2009).
groups  (controls,  patients)  using  the  two  methods.  The  Dice
Patients
Method  2  Method  1  Method  2
1429  (415)  1423  (340)  1003  (263)
11—19  (16.9)  14—19  (16.3)  17—26  (18.5)
21—36  (32)  26—36  (31)  32—49  (35)
) 0.318  (0.118)










































CDiffusion  tensor  imaging  tractography  of  the  optic  radiation
Probabilistic  tractography  is  more  time  consuming  both
computationally  and  for  the  operator  but  better  delineates
Meyer’s  loop  (Nilsson  et  al.,  2010). Seed  regions  either  lat-
eral  to  the  LGN  to  avoid  the  brachium  of  the  superior
colliculus  (Behrens  et  al.,  2003) or  within  the  apex  of  Meyer’s
loop  (Powell  et  al.,  2005;  Yogarajah  et  al.,  2009) have
been  used.  Both  deterministic  and  probabilistic  tractogra-
phy  results  are  sensitive  to  the  location  of  the  seed  region.
Even  a  single  voxel  displacement  of  seed  region  leads  to  a
coefﬁcient  of  variation  of  2.5%  in  the  mean  FA  of  the  optic
radiation  (Ciccarelli  et  al.,  2003). Such  variability  is  con-
ﬁrmed  by  the  relatively  low  Dice  Similarity  Scores  in  this
study,  in  particular  in  the  hemispheres  with  lesions.
Consideration  has  therefore  been  given  to  improv-
ing  probabilistic  tractography.  A  technique  combining
probabilistic  tractography  with  prior  anatomical  knowledge
gave  anatomically  plausible  locations  for  Meyer’s  loop,  but
still  required  manual  region  of  interest  deﬁnition  (Sherbondy
et  al.,  2008). Complete  automation  of  probabilistic  trac-
tography  of  the  optic  radiation  has  been  proposed  but  no
measurements  of  the  location  of  Meyer’s  loop  to  conﬁrm  its
validity  were  given  (Clatworthy  et  al.,  2010) and  both  these
studies  only  assessed  healthy  controls.
The  aim  of  this  study  was  therefore  to  assess  a  novel
method  with  different  aims  in  comparison  to  an  established
method  to  determine  their  relative  beneﬁts.  Visually  whilst
the  core  of  the  tracts  was  the  same,  method  1  better  delin-
eated  the  inferior  portion  of  the  optic  radiation,  presumably
as  the  seed  region  was  located  within  Meyer’s  loop,  which
conveys  ﬁbres  to  the  inferior  optic  radiation,  whilst  method
2  used  the  LGN  as  a  seed  region.  Tractography  from  this
region  would  be  expected  to  better  delineate  ﬁbres  passing
directly  posteriorly  and  thus  in  the  more  superior  part  of
the  optic  radiation  than  those  subject  to  the  high  curvature
of  Meyer’s  loop  which  was  depicted  with  less  consistency
and  reliability.  When  planning  neurosurgical  treatment  for
epilepsy  with  a  resection  in  the  vicinity  of  the  optic  radia-
tion,  it  is  important  for  a  neurosurgeon  to  be  aware  of  the
limitations  of  the  method  used  when  assessing  the  surgical
approach  and  the  risk  of  causing  a  visual  ﬁeld  deﬁcit.  The
possibility  of  either  underestimating  or  overestimating  the
extent  of  the  tract  must  always  be  considered.
The  other  strengths  and  weaknesses  of  the  methods  ﬁt
with  the  aims  of  the  techniques  developed.  Method  1  gave
reliable  visualisation  of  Meyer’s  loop  with  measurements
compatible  with  dissectional  data  (Ebeling  and  Reulen,
1988).  Using  this  method,  the  ML-TP  distance  has  previ-
ously  been  shown  to  correlate  with  postoperative  visual
ﬁeld  outcome  and  have  high  reproducibility  (correlation
coefﬁcient  0.9,  average  difference  2  mm,  maximum  4  mm)
(Yogarajah  et  al.,  2009). Method  2  was  less  consistent  in  the
identiﬁcation  of  the  Meyer’s  loop  with  lower  reproducibility
of  the  ML-TP  distance  particularly  in  the  patient  subgroup.
In  one  patient  it  failed  to  delineate  the  anterior  part  of
the  optic  radiation  adjacent  to  the  lesion,  as  it  relied
on  a  seed  region  and  endpoint  located  either  side  of  a
haemosiderin-laden  cavernoma  causing  signal  dropout
adjacent  to  the  optic  radiation.  This  effect  may  explain
the  trend  towards  ML-TP  distance  being  greater  within  the
patient  subgroup  using  method  2  than  method  1  and  high-
lights  the  importance  of  assessing  tractography  techniques
both  in  healthy  controls  and  in  the  presence  of  pathology
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s  most  studies  published  to  date  only  include  healthy  con-
rols.  It  should  however  be  noted  that  this  reproducibility
easure  is  of  a single  clinically  important  measure  that
ethod  1  was  speciﬁcally  designed  to  address.  Overall
he  more  posterior  part  of  the  tract  was  far  better  delin-
ated  with  method  2  as  an  endpoint  was  speciﬁed  in  this
rea.
Method  2  also  required  signiﬁcantly  less  operator  time.
he  preprocessing  of  the  DTI  data  common  to  both  meth-
ds  took  20  min.  To  process  both  hemispheres,  method  1
equired  approximately  20—25  min  of  manual  intervention
nd  60  min  of  processing  time  using  a single  core  of  a  Sun
ltra  27  workstation  with  a  3.2  GHz  Intel  Xeon  processor.
ethod  2  required  approximately  7  min  of  manual  interven-
ion  and  150  min  of  processing  time.
In  conclusion  the  tractography  technique  thus  needs  to
e  chosen  according  to  the  question  being  addressed  and  the
natomical  area  of  interest.  Method  1  would  be  favoured  for
nterior  temporal  lobe  resection  (patients  2  and  4),  whilst
ethod  2  would  be  favoured  for  more  posteriorly  located
esions  (patients  1  and  3).  By  combining  these  methods  and
eeding  from  both  the  LGN  and  Meyer’s  loop  the  complete
ptic  radiation  could  be  visualised  in  patients  with  lesions
ying  near  this  structure  (Winston  et  al.,  2011).
cknowledgements
he  project  was  funded  by  a  Wellcome  Trust  Programme
rant  (083148).  GPW  was  supported  by  a Clinical  Research
raining  Fellowship  from  the  Medical  Research  Council
G0802012).  We  are  grateful  to  the  Big  Lottery  Fund,  Wolfson
rust  and  Epilepsy  Society  for  supporting  the  Epilepsy  Soci-
ty  MRI  scanner.  This  work  was  undertaken  at  UCLH/UCL  who
eceived  a  proportion  of  funding  from  the  Department  of
ealth’s  NIHR  Biomedical  Research  Centres  funding  scheme.
he  funding  bodies  did  not  have  any  involvement  in  the  study
esign,  collection  or  analysis  of  data,  the  writing  of  the
eport  or  the  decision  for  submission.  We  would  also  like  to
hank  Mahinda  Yogarajah  for  initial  development  of  method
 and  John  Thornton  for  helpful  advice.
eferences
lexander, D.C., Barker, G.J., Arridge, S.R., 2002. Detection and
modeling of non-Gaussian apparent diffusion coefﬁcient proﬁles
in human brain data. Magn. Reson. Med. 48, 331—340.
arton, J.J., Hefter, R., Chang, B., Schomer, D., Drislane, F., 2005.
The ﬁeld defects of anterior temporal lobectomy: a quantitative
reassessment of Meyer’s loop. Brain 128, 2123—2133.
asser, P.J., 1995. Inferring microstructural features and the phys-
iological state of tissues from diffusion-weighted images. NMR
Biomed. 8, 333—344.
ehrens, T.E., Johansen-Berg, H., Woolrich, M.W., Smith, S.M.,
Wheeler-Kingshott, C.A., Boulby, P.A., Barker, G.J., Sillery,
E.L., Sheehan, K., Ciccarelli, O., Thompson, A.J., Brady, J.M.,
Matthews, P.M., 2003. Non-invasive mapping of connections
between human thalamus and cortex using diffusion imaging.
Nat. Neurosci. 6, 750—757.
atani, M., Jones, D.K., Donato, R., Ffytche, D.H., 2003. Occipito-
temporal connections in the human brain. Brain 126, 2093—2107.
hen, X., Weigel, D., Ganslandt, O., Buchfelder, M., Nimsky, C.,
2009. Prediction of visual ﬁeld deﬁcits by diffusion tensor imag-

























iccarelli, O., Parker, G.J., Toosy, A.T., Wheeler-Kingshott, C.A.,
Barker, G.J., Boulby, P.A., Miller, D.H., Thompson, A.J., 2003.
From diffusion tractography to quantitative white matter tract
measures: a reproducibility study. Neuroimage 18, 348—359.
latworthy, P.L., Williams, G.B., Acosta-Cabronero, J., Jones, S.P.,
Harding, S.G., Johansen-Berg, H., Baron, J.C., 2010. Probabilis-
tic tractography of the optic radiations — an automated method
and anatomical validation. Neuroimage 49, 2001—2012.
ook, P.A., Alexander, D.C., Parker, G.J., 2004. Modelling noise-
induced ﬁbre-orientation error in diffusion-tensor MRI. IEEE Int.
Symp. Biomed. Imaging, 32—335.
ook, P.A., Bai, Y., Nedjati-Gilani, S., Seunarine, K.K., Hall,
M.G., Parker, G.J., Alexander, D.C., 2006. Camino: open-source
diffusion-MRI reconstruction and processing. In: 14th Scientiﬁc
Meeting of the International Society for Magnetic Resonance in
Medicine, Seattle, WA,  USA 2759.
ook, P.A., Symms, M., Boulby, P.A., Alexander, D.C., 2007. Optimal
acquisition orders of diffusion-weighted MRI measurements. J.
Magn. Reson. Imaging 25, 1051—1058.
beling, U., Reulen, H.J., 1988. Neurosurgical topography of the
optic radiation in the temporal lobe. Acta Neurochir. (Wien) 92,
29—36.
ofer, S., Karaus, A., Frahm, J., 2010. Reconstruction and dissection
of the entire human visual pathway using diffusion tensor MRI.
Front. Neuroanat. 4, 15.
anji, H., Plant, G.T., 2000. Epilepsy surgery, visual ﬁelds, and driv-
ing: a study of the visual ﬁeld criteria for driving in patients after
temporal lobe epilepsy surgery with a comparison of Goldmann
and Esterman perimetry. J. Neurol. Neurosurg. Psychiatry 68,
80—82.
eyer, A., 1907. The connections of the occipital lobes and the
present state of the cerebral visual affections. Trans. Ass. Am.
Phys. 22, 7—16.
ori, S., van Zijl, P.C., 2002. Fiber tracking: principles and strate-
gies — a technical review. NMR Biomed. 15, 468—480.
ilsson, D., Malmgren, K., Rydenhag, B., Frisen, L., 2004. Visual
ﬁeld defects after temporal lobectomy — comparing meth-
ods and analysing resection size. Acta Neurol. Scand. 110,
301—307.
ilsson, D.T., Rydenhag, B., Malmgren, K., Starck, G., Ljungberg,
M., 2010. Anatomical accuracy and feasibility of probabilistic
and determinstic tractography of the optic radiation. 9th Euro-
pean Congress on Epileptology: Rhodes. Epilepsia 51 (Suppl. 4),
91.
arker, G.J., Alexander, D.C., 2003. Probabilistic Monte Carlo based
mapping of cerebral connections utilising whole-brain crossing
ﬁbre information. Inf. Process. Med. Imaging 18, 684—695.G.P.  Winston  et  al.
arker, G.J., Haroon, H.A., Wheeler-Kingshott, C.A., 2003. A frame-
work for a streamline-based probabilistic index of connectivity
(PICo) using a structural interpretation of MRI diffusion measure-
ments. J. Magn. Reson. Imaging 18, 242—254.
owell, H.W., Parker, G.J., Alexander, D.C., Symms, M.R., Boulby,
P.A., Wheeler-Kingshott, C.A., Barker, G.J., Koepp, M.J.,
Duncan, J.S., 2005. MR tractography predicts visual ﬁeld
defects following temporal lobe resection. Neurology 65,
596—599.
omano, A., D’Andrea, G., Minniti, G., Mastronardi, L., Ferrante,
L., Fantozzi, L.M., Bozzao, A., 2009. Pre-surgical planning and
MR-tractography utility in brain tumour resection. Eur. Radiol.
19, 2798—2808.
herbondy, A.J., Dougherty, R.F., Napel, S., Wandell, B.A., 2008.
Identifying the human optic radiation using diffusion imaging and
ﬁber tractography. J. Vis. 8, 11—12.
mith, S.M., Jenkinson, M., Woolrich, M.W., Beckmann, C.F.,
Behrens, T.E., Johansen-Berg, H., Bannister, P.R., De, L.M.,
Drobnjak, I., Flitney, D.E., Niazy, R.K., Saunders, J., Vickers, J.,
Zhang, Y., De, S.N., Brady, J.M., Matthews, P.M., 2004. Advances
in functional and structural MR image analysis and implementa-
tion as FSL. Neuroimage 23 (Suppl. 1), S208—S219.
heeler-Kingshott, C.A., Hickman, S.J., Parker, G.J., Ciccarelli, O.,
Symms, M.R., Miller, D.H., Barker, G.J., 2002. Investigating cer-
vical spinal cord structure using axial diffusion tensor imaging.
Neuroimage 16, 93—102.
iebe, S., Blume, W.T., Girvin, J.P., Eliasziw, M., 2001. A random-
ized, controlled trial of surgery for temporal-lobe epilepsy. N.
Engl. J. Med. 345, 311—318.
inston, G.P., Yogarajah, M., Symms, M.R., McEvoy, A.W., Micallef,
C., Duncan, J.S., 2011. Diffusion tensor imaging tractog-
raphy to visualise the relationship of the optic radiation
to epileptogenic lesions prior to neurosurgery. Epilepsia 52,
1430—1438.
amamoto, A., Miki, Y., Urayama, S., Fushimi, Y., Okada, T.,
Hanakawa, T., Fukuyama, H., Togashi, K., 2007. Diffusion tensor
ﬁber tractography of the optic radiation: analysis with 6-, 12-,
40-, and 81-directional motion-probing gradients, a preliminary
study. AJNR Am. J. Neuroradiol. 28, 92—96.
amamoto, T., Yamada, K., Nishimura, T., Kinoshita, S., 2005. Trac-
tography to depict three layers of visual ﬁeld trajectories to the
calcarine gyri. Am. J. Ophthalmol. 140, 781—785.
ogarajah, M., Focke, N.K., Bonelli, S., Cercignani, M., Acheson,
J., Parker, G.J., Alexander, D.C., McEvoy, A.W., Symms, M.R.,
Koepp, M.J., Duncan, J.S., 2009. Deﬁning Meyer’s loop-temporal
lobe resections, visual ﬁeld deﬁcits and diffusion tensor tractog-
raphy. Brain 132, 1656—1668.
